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I 
A b s t r a c t  

A s e r i e s  of low-rank m a t e r i a l s ,  r a n g i n g  from biomass waste  t o  subbitumi- 
nous c o a l ,  have been s u b j e c t e d  t o  hydro thermal  c o a l i f i c a t i o n ,  i .e .  h e a t  t rea tment  I 

i n  an au toc lave  wi th  water .  The r e s u l t s ,  t o g e t h e r  wi th  r e l e v a n t  l i t e r a t u r e  d a t a ,  
c o v e r  a wide f i e l d  of  r e a c t i o n  c o n d i t i o n s :  t empera tures  from 120 t o  390 OC and 
r e s i d e n c e  p e r i o d s  from 1 minute  t o  s i x  months. 

Using o v e r a l l  k i n e t i c s ,  t h e  p r o g r e s s  of hydrothermal  c o a l i f i c a t i o n  i n  
terms of  t h e  e v o l u t i o n  of carbondioxide  a s  a f u n c t i o n  of t h e  c o n d i t i o n s  has  been 
expressed  i n  a s imple  model. Low r a n k  m a t e r i a l s  can  be d e s c r i b e d  i n  terms of prop- 
e r t i e s  t h a t  can be ga thered  i n t o  g e n e r a l  r e l a t i o n s h i p s  which hold  over  wide 
r a n g e s .  Over t h e  range from biomass t o  subbi tuminous c o a l ,  where c o a l i f i c a t i o n  
mainly impl ies  t h e  e v o l u t i o n  of  water  and carbon d i o x i d e ,  t h e  convers ion  model 
a l lows  the  p r e d i c t i o n  of t h e  enrichment  of a m a t e r i a l  on t h e  b a s i s  of feeds tock  
p r o p e r t i e s  and t h e  c o n d i t i o n s  a p p l i e d .  

1. INTRODUCTION 

Coal g e n e s i s ,  t h e  t r a n s f o r m a t i o n  from p l a n t  waste t o  b l a c k  c o a l ,  i s  
governed by l a r g e  numbers of p r o c e s s e s  of po lymer iza t ion ,  d e g r a d a t i o n  and c o a l i f i -  
c a t i o n .  The s tudy  of c o a l  g e n e s i s  h a s  a long h i s t o r y .  Experiments  i m i t a t i n g  c o a l i -  
f i c a t i o n  by s u b j e c t i n g  a m a t e r i a l  t o  h e a t i n g  wi th  water  under  p r e s s u r e  were f i r s t  
r e p o r t e d  by Bergius  (1) i n  1913. H e  c a l l e d  i t  hydrothermal  c a r b o n i z a t i o n ,  ob ta ined  
a b lack  product  and d e f i n e d  t h e  type  of r e a c t i o n  t o  be only  v a l i d  up t o  a c e r t a i n  
degree  of c o a l i f i c a t i o n  ("Endkohle") . 

Bergius '  s t o r y  was amended l a t e r  by v a r i o u s  r e s e a r c h e r s .  Thus, 
van Krevelen ( 2 , 3 )  proved t h a t  p l a n t  s p e c i e s  of a c e r t a i n  n a t u r e  could g i v e  speci-  
f i c  recognizable  l i t h o t y p e s  i n  t h e  c o a l  product  and t h a t  t h e  medium a f f e c t s  t h e  
r e s u l t .  Kreulen ( 4 , 5 )  showed t h a t  i n s t e a d  o f  one r e a c t i o n ,  s e v e r a l  c h a i n s  of 
chemical  r e a c t  i o n s  a r e  involved ,  w i t h  t h e i r  own i n t e r m e d i a t e  products .  Moreover, 
h e  found t h a t  t h e  carbon d i o x i d e  q u a n t i t y  evolved exceeded by f a r  t h e  amount pre-  
d i c t a b l e  on t h e  b a s i s  of t h e  c a r b o x y l a t e  c o n t e n t  of t h e  feed ,  on t h e  b a s i s  of 
which h e  s t a t e d  t h a t  t h e r e  w a s  more than  only  d e c a r b o x y l a t i o n .  Le ibniz  (6) found 
t h e  importance of H20 ( e i t h e r  s team o r  water )  f o r  t h e  mechanism of t h e  r e a c t i o n .  
Compared wi th  p r e s s u r i z e d  s team h e a t i n g  over  t h e  same t i m e  i n t e r v a l s ,  d r y  h e a t i n g  
gave h a r d l y  any r e s u l t .  T e r r e s  (7) proposed t o  use  and manipula te  t h i s  process  f o r  
upgrading and f o r  a c h i e v i n g  a b e t t e r  coking performance of t h e  product .  G i l l e t  (8) 
summarized t h e  s t a t e  of  t h e  a r t  and made an a t tempt  a t  g e n e r a l i z a t i o n ,  which, i t  
should be added was not  too  s u c c e s s f u l  due t o  t h e  e x c e s s i v e  number of  v a r i a b l e s .  

Summarizing, we may say  t h a t  up t o  t h e  s t a g e  of subbi tuminous c o a l s ,  
p l a n t  m a t e r i a l s  i n  a wet medium can degrade t o  evolve  mainly CO2 and H20. The pro- 
c e s s  has  been looked a t  f r e q u e n t l y ,  a t  l e a s t  i n  a q u a l i t a t i v e  way. Q u a n t i f i c a t i o n  
h a s  been s c a r c e .  T h i s  may be due t o  t h e  absence of s i n g l e  pure  compounds and 
proper  s i n g l e  chemical  r e a c t i o n s ,  making i t  v i r t u a l l y  imposs ib le  t o  e s t a b l i s h  a 
mechanism as a b a s i s  f o r  k i n e t i c  measurement and c a l c u l a t i o n s .  
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A s  a by-pass we have now r e p l a c e d  t h e  chemis t ry  by a macro approach.  We 
found t h a t  f o r  t h e  s a t u r a t e d  steam t r e a t m e n t ,  w i t h i n  c e r t a i n  l i m i t s ,  a few f a c t o r s  
may be assumed c o n s t a n t .  One of t h e s e  i s  t h e  molar r a t i o  of  CO2 t o  H 2 0  formed, 
which g ives  a l i n k  t o  t h e  C-H-0 r e l a t i o n  and t h e  g r o s s  "chemical reac t ion" .  This  
a l lows  a d e s c r i p t i o n  o f  t h e  "conversion" i n  terms of t h e  change i n  oxygen content  
of a m a t e r i a l .  I 

Proper ty  

We der ived  g e n e r a l  r e l a t i o n s h i p s  between some f u e l  p r o p e r t i e s  over  t h e  
r e l e v a n t  range of m a t e r i a l s ,  which can be expressed i n  terms of t h e  oxygen content  
as  Well. W i t h  t h e s e  r e l a t i o n s ,  t h e  change of  p r o p e r t i e s  can be p r e d i c t e d  a long  t h e  
c o a l i f i c a t i o n  pa th .  i 

U n i t  

2 .  RELATIONS BETWEEN PROPERTIES FOR BIOMASS, PEAT, BROWN COAL AND SUBBITUMINOUS 
COAL - 

Low rank  m a t e r i a l s  (LRM) a r e  h e r e  taken  t o  mean m a t e r i a l s  formed by pho- 
t o s y n t h e s i s ,  which by a v a r i e t y  o f  p r o c e s s e s ,  e v e n t u a l l y  t u r n  i n t o  b lack  c o a l .  The 
v a r i e t y  of products  i s  i n f i n i t e  and t h e  complexi ty  o f  t h e  i n d i v i d u a l  mechanisms 
f a r  from understood.  Y e t ,  some of t h e  p r o p e r t i e s  of importance i n  connec t ion  with 
t h e  use of the material a s  a f u e l  show coherent  t r e n d s .  This  i s  i n d i c a t e d  i n  
Table I .  

i' 

TABLE I 

PRODUCT PROPERTIES AND T H E I R  VALUES I N  THE RANGE 
FOR WHICH CORRELATIONS ARE DERIVED 

c a l o r i f i c  v a l u e  

g r o s s  weight 

carbon content  
oxygen content  
atomic r a t i o  
oxygen/ c arbon 

%w a s  rece ived  CAR) 
kg H20/kg DAF m a t e r i a l  
d r y  ash  f r e e  base MJ/kg 
wet #I II I ,  

d r y  " " " kg/GJ 
wet I 1  I! , I  0 ,  

Xw d r y  ash  f r e e  
11 11 to I ,  

Symbol 

OCR 

T o t a l  range 
biomass-subbitum. c o a l  

90 - 9 
10 - 0.1 
15 - 32 

1 . 5  - 30 
75 - 30 

600 - 30 
40 - 80 
50 - 6 

1.0 - 0.06 

I I 

The wide s c a t t e r  of  d a t a  on LRM p r o p e r t i e s  can ,  t o  s t a r t  w i t h ,  be redu- 
ced s i g n i f i c a n t l y  by r e c a l c u l a t i o n  on a new b a s i s ,  v i z .  t h e  m i n e r a l - m a t t e r  (or 
a s h ) - f r e e  organic  f r a c t i o n ,  b e  it  wet (AF) or dry (DAF). The mois ture  conten t  
i t s e l f  (MC) i s  c a l c u l a t e d  a s  t h e  weight of  water  per  ki logram d r y  organic  mate- 
r i a l .  

Below we s e t  up q u a n t i t a t i v e  r e l a t i o n s  between t h e  chemical  composi t ion,  
t h e  c a l o r i f i c  v a l u e  and t h e  moisture-binding tendency of  LRM. The key t o  t h e  r e l a -  
t i o n s  i s  t h e  oxygen c o n t e n t .  The oxygen-containing groups g i v e  p o l a r i t y  t o  t h e  
carbon cha in  backbone of  LRM. This  de te rmines  t h e  hydrophobic i ty  of  a m a t e r i a l .  
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The c a l o r i f i c  va lue  (CV) o f  w e t  m a t e r i a l  depends on t h e  MC and t h e  CV of 
t h e  d r y  m a t e r i a l .  We assume t h e s e  t o  be dependent on t h e  chemical  composi t ion,  
which i s  not a random d i s t r i b u t i o n .  In p a r t i c u l a r ,  t h e  oxygen and carbon content  
of  LRM move a long  n a t u r a l  d e g r a d a t i o n  r o u t e s .  In a f i r s t  approximation we  assume 
t h e  sum of t h e  percentages  of oxygen and carbon t o  be c o n s t a n t  ( 2 ) .  We d e f i n e  OCR 
as t h e  atomic r a t i o  of  oxygen t o  carbon i n  t h e  dry organic  f r a c t i o n :  

% oxygen/ l6  %O 

% c a r b o n / l 2  % C  
1)  _ -  - x 0 .75 ,  om = 

with  t h e  c o n s t a n t  sum,Z , g i v e n  by: 
0 . 7 5 2  

%C 
OCR =- - 0.75. 

In F i g .  1 we p l o t t e d  O C R  a g a i n s t  t h e  r e c i p r o c a l  of  t h e  carbon c o n t e n t  for a s e t  of 
m a t e r i a l s  ranging  i n  q u a l i t y  from biomass t o  subbi tuminous c o a l .  From the  f i g u r e  
we read:  

68 

%C 
OCR = - -  0.75. 2) 

For t h e  c a l c u l a t i o n  o f  t h e  c a l o r i f i c  v a l u e  of a c o a l  on t h e  b a s i s  of i t s  major 
c o n s t i t u e n t s  many formulas  can  be found i n  t h e  l i t e r a t u r e .  For low-sulphur mate- 
r i a l s  t h e  fo l lowing  i s  one of  t h e  s i m p l e s t .  

CVDAF = 0.34 (%C) + 1.40  (%H) - 0.16 ( % O ) ,  MJ/kg. 3)  

In Figure  2 i t  i s  shown how t h i s  formula approximates  t h e  c a l o r i f i c  v a l u e  of our 
low-rank m a t e r i a l s  . 

The r e l a t i o n  between MC and O C R  has  been e s t a b l i s h e d  i n  F i g .  3 .  From 
t h i s  f i g u r e  w e  g e t  

OCR = 0.31 (BMC)0.49 4)  

where BMC i s  t h e  i n h e r e n t  bed m o i s t u r e  c o n t e n t .  

The hydrogen content  v a r i e s  from 6 % f o r  biomass, t o  % % f o r  subbi tu-  
minous coa l .  I f  w e  assume l i n e a r i t y  f o r  t h e  r e l a t i o n  between hydrogen content  and 
OCR, and s u b s t i t u t e  e q u a t i o n  2 i n t o  equat ion  3 ,  we g e t  approximately 

30 - 5 OCR 

0.75 + OCR 
CVDAF = 

When we  s u b s t i t u t e  ( 4 )  i n t o  ( 5 ) ,  we a r r i v e  a t  t h e  a c t u a l  measured 
v a r i a b l e s  MC and CV, 

30 - 1.55 BMCO.49 

0.75 + 0.31 BMCO.49 
~ D A F  
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and 

1 
CVAF = CVDAF . - 

BMC + 1 

I 
't 

6 b )  

These l i n e s  a r e  d e p i c t e d  i n  F i g .  4 .  The s c a t t e r  of t h e  measured d a t a  i s  smal l .  
This  may be expla ined  by t h e  f a c t  t h a t  d e v i a t i o n s  f o r  t h e  CV and t h e  OCR occur  on 
t h e  Same m a t e r i a l  i n  t h e  same d i r e c t i o n ,  and t h u s  compensate each o t h e r .  I t  should 
be Pointed o u t ,  however, t h a t  t h e  l a r g e s t  d e v i a t i o n s  occur  wi th  h igh  c o n t e n t s  of 
minera l  mat te r .  Apart from the  c a l c u l a t i o n  e r r o r ,  probably t h e  c o n t r i b u t i o n  of 
minera ls  t o  t h e  water  absorbency e t c .  cannot  be completely ignored.  

The above set of r e l a t i o n s  was o b t a i n e d  from only  l i m i t e d  numbers of 
d a t a  and d e a l s  wi th  few p r o p e r t i e s .  S t i l l ,  i t  may be used a s  a b a s i s  f o r  more 
s o p h i s t i c a t e d  work on more s p e c i f i c  groups of m a t e r i a l s .  

3 .  HYDROTHERMAL COALIFICATION EXPERIMENTS 

From t h e  wide v a r i e t y  of exper imenta l  r e s u l t s  a v a i l a b l e  both from our  
own work and t h e  l i t e r a t u r e ,  we s e l e c t e d  t h o s e  of  a number of  constant-volume 
b a t c h  experiments ,  wi th  v a r i a t i o n  of f e e d s t o c k ,  tempera ture  and t i m e  only.  The 
p r e s s u r e  was always approximately t h e  vapour p r e s s u r e  of s a t u r a t e d  steam a t  t h e  
temperature  chosen. 

In t h e  KSLA programme p e r  experiment 50 grams of wet feed m a t e r i a l  and 
30 grams of deminera l ized  water  were hea ted  i n  a n  a u t o c l a v e  by e l e c t r i c  h e a t i n g  
from outs ide .  In a s y s t e m a t i c  s e r i e s  of exper iments  c a r r i e d  out  on two brown c o a l s  
wi th  mois ture  c o n t e n t s  of 35 and 60 Xw r e s p e c t i v e l y ,  t h e  tempera ture  was v a r i e d  
between 175 OC and 350 O C  and t h e  r e s i d e n c e  t i m e  a t  t h e  maximum tempera ture  from 
one minute  t o  t h r e e  hours .  Af te r  c o o l i n g ,  t h e  gas  volume was measured and analysed 
and t h e  coa l  product  weighed and ana lysed  t o  complete  t h e  ba lance .  
In a d d i t i o n ,  a v a r i e t y  of feed m a t e r i a l s  ranging  i n  rank  from c e l l u l o s e  t o  subbi-  
tuminous coa l  were t e s t e d  under t h e  low and t h e  high tempera ture  c o n d i t i o n s .  

The u s e  o f  p r e s s u r e  r e s i s t a n t  a u t o c l a v e  w a l l s  i m p l i e s  t h a t  t h e  r e p o r t e d  
r e a c t i o n  t imes a t  a c e r t a i n  tempera ture  should  be c o r r e c t e d  f o r  t h e  i n e r t i a  of t h e  
meta l  mass. The e f f e c t  becomes l e s s  important  f o r  longer  exper iments .  In t h e  KSLA 
experiments  t h e  tempera ture  a t  t h e  c e n t r e  of t h e  sample i n c r e a s e d  a t  a r a t e  of 
approx.  6 OC/min. This  means t h a t  a "zero" r e s i d e n c e  time a t  340 OC i n c l u d e s  
15 min a t  300 O C ,  30 min a t  250 OC o r  4 5  min a t  200 O C .  

Various s e r i e s  o f  s i m i l a r  exper iments  under d i f f e r e n t  c o n d i t i o n s  and 
us ing  a wide v a r i e t y  o f  feeds tocks  were r e p o r t e d  by Van Krevelen ( 3 ) .  He w e d  
20 grams of m a t e r i a l  p e r  experiment and v a r i e d  t h e  tempera ture  from 225 OC t o  
390 O C  and t h e  r e s i d e n c e  time from 3 t o  7 2  hours .  

Kreulen ( 5 )  r e p o r t s  s e r i e s  of experiments  of longer  d u r a t i o n :  200-3200 
h o u r s ,  i . e .  almost six months. H e  used p r e s s u r e  r e s i s t a n t  g l a s s  tubes ,  which were 
welded a f t e r  be ing  f i l l e d  with h a l f  a gram of sample. The t u b e s  were hea ted  to- 
g e t h e r  i n  a h o t  a i r  s t o v e  a t  t empera tures  vary ing  from 130 OC t o  180 O C .  A f t e r  
c e r t a i n  time i n t e r v a l s ,  tubes  were taken  o u t ,  cooled ,  opened and t h e  c o n t e n t s  
ana lysed .  
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1 
4. MODEL FOR (HYDROTHERMAL) COALIFICATION 

The a p p l i c a t i o n  of b a s i c  k i n e t i c s  t o  t h e  exper imenta l  r e s u l t s  r e q u i r e s  
some manipula t ions .  We want t o  u s e  ( 9 ) :  

r e a c t i o n  r a t e  = - 8) 

( c  = c o n c e n t r a t i o n .  n = o r d e r  of t h e  r e a c t i o n )  

(EA = a c t i v a t i o n  energy)  

T h e r e f o r e ,  we  t a k e  f o r  t h e  v a r i a b l e  r e f l e c t i n g  t h e  c o n c e n t r a t i o n  t h e  oxygen con- 
t e n t ,  and w e  d e f i n e  a s  "complete" convers ion  t h e  r e d u c t i o n  of t h e  oxygen content  
t o  t h e  level of subbi tuminous c o a l  ( c a .  6 %w DAF). Omax becomes t h e  d i f f e r e n c e  i n  
oxygen content  between t h e  feed  and subbi tuminous c o a l .  0 i s  t h e  f i g u r e  f o r  t h e  
percentage  on dry  ash f r e e  b a s i s .  

We found t h a t  t h e  r a t i o  a t  which COP and H 2 0  was formed i n  t h e  au toc lave  
experiments  was almost c o n s t a n t  d u r i n g  h e a t  t r e a t m e n t  up t o  tempera tures  of  about 
350 OC and a convers ion  t h a t  reduces  t h e  oxygen c o n t e n t  t o  n e a r l y  1 0  %w,  a s  i s  
i l l u s t r a t e d  i n  F i g u r e  5 .  The same was r e p o r t e d  by S c h a f e r  (10) f o r  low-temperature 
c a r b o n i z a t i o n  experiments  i n  an ambient i n e r t  atmosphere up t o  a tempera ture  of 
400 OC.  

mol CO2 18 weight  CO2 

mol H 2 0  44 weight  H20 
r a t i o  r =- - 10) 

T h i s  g ives  u s  l i n e a r i t y  f o r  t h e  r e l a t i o n  between t h e  oxygen content  and t h e  COP 
product ion ,  which i s  a convenient  t o o l  because t h e  e v o l u t i o n  of CO2 i s  a parameter  
t h a t  i s  much e a s i e r  t o  measure a t  i n t e r m e d i a t e  s t a g e s .  The r a t i o  was found t o  vary 
w i t h  t h e  t y p e  of  f e e d s t o c k ,  t h e  p r e s s u r e  a p p l i e d  and t h e  pH of  t h e  r e a c t i o n  me- 
dium. Assuming t h a t  a l l  of  t h e  oxygen removed from t h e  feed  i s  conver ted  t o  COP 
and H20 i n  a r a t i o  r ,  i t  can be d e r i v e d  t h a t :  

44 

32 r + 16 COZmax = Aomax 

The convers ion  f of (hydro thermal )  c o a l i f i c a t i o n  a t  a c e r t a i n  time t becomes: 

Ofeed - O t  cog, 
=-= f =  

Aomax Co2max 

11) 

Here C02 is t h e  amount expressed  a s  t h e  percentage  of  t h e  dry  ash- f ree  base  
i n t a k e .  
The convers ion  i s  obta ined  from e q u a t i o n  8 by i n t e g r a t i o n  t o  a c e r t a i n  p o i n t  i n  
t i m e .  A g e n e r a l  s o l u t i o n  i s  g iven  by t h e  S e i t z  Balazs  equat ion  (11) .  
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13) 

This  t ime-temperature  equiva lence  p r e d i c t s  a r e l a t i o n s h i p  between t i m e  and tempe- 
r a t u r e  required t o  achieve  a c e r t a i n  convers ion:  

t i ,  t p  = e ( f  = c o n s t a n t )  14) 

The phys ica l  meaning of  t h i s  i s  t h a t  t h e  same amount of C o p  could  be measured 
a f t e r  t rea tments  i n  d i f f e r e n t  ways: a s h o r t  time a t  a h igh  tempera ture  or a longer  
per iod  a t  a lower tempera ture .  

In Figure  6 ,  a graph of t h e  logar i thm of  t h e  t i m e  and t h e  r e c i p r o c a l  tempera ture ,  
w e  have p l o t t e d  a l l  t h e  d a t a  of t h e  t h r e e  s t u d i e s  r e c a l c u l a t e d  t o  t h e  convers ion  f 
wi th  equat ion  12,  and rounded o f f  t o  0 .1 ,  0 .2  e tc .  Now we can read t h e  c o e f f i -  
c i e n t s  f o r  formula 1 3  from t h e  graphs of t h e  p a i r s  of parameters  s e p a r a t e l y .  We 
o b t a i n  approximately : 

3500 
0.2 - - 

f = 50 t S  e TK 15) 

Although t h i s  formula cannot  be cons idered  proper  chemical  r e a c t  ion  k i n e t i c s  be- 
cause  n e i t h e r  t h e  r e a g e n t  nor t h e  r e a c t i o n  i t s e l f  i s  d e f i n e d ,  we s t i l l  t r i e d  an 
e x t r a p o l a t i o n .  Of course  t h e  i n t e g r a t i o n  ( t h e  b a s i s  f o r  f )  i s  imposs ib le  t o  per- 
form i n  t h e  n a t u r a l  case  s i n c e  t h e  d a t a  on t h e  h i s t o r y  a r e  l a c k i n g .  However, t h e  
ages  of v a r i o u s  products  f o r t u n a t e l y  a r e  q u i t e  w e l l  known. I f  we  t h e n  assume bio-  
mass with ca.  50  Xw oxygen t o  have been t h e  f e e d s t o c k ,  we g e t  for  t h e  convers ion  
f ,  v a l u e s  of 0.15 f o r  humus, 0 .30  f o r  p e a t ,  0 .50 f o r  brown c o a l  and more than  0.8 
f o r  c o a l .  S u b s t i t u t i o n  i n  equat ion  15 y i e l d s  a tempera ture  f o r  each m a t e r i a l .  An 
e s s e n t i a l l y  cons tan t  v a l u e  i s  obta ined  f o r  t i m e  s c a l e s  from 103 t o  108 y e a r s ,  i . e .  
about  40 O C ,  which i s  i n  l i n e  wi th  t h e  probable  h i s t o r i c a l  average .  

5 .  APPLICATION TO THE QUANTIFICATION OF UPGRADING 

The removal o f  H20 and C o g  r e s u l t s  i n  enr ichment  of t h e  m a t e r i a l  a s  a 
f u e l ,  i . e .  t h e  same h e a t i n g  h e a t i n g  va lue  is  c o n c e n t r a t e d  i n  a smal le r  weight .  The 
enrichment  forms a necessary  s t e p  i n  t h e  upgrading of a f u e l .  T h i s  enr ichment  
s t a r t s  wi th  dewater ing ( F l e i s s n e r )  ( 1 2 ) .  The dewater ing w i l l  not  proceed t o  com- 
p l e t e  dryness ,  because t h e  LRM w i l l  r e t a i n  or r e a b s o r b  water  t o  a c e r t a i n  l e v e l  of 
e q u i l i b r i u m  w i t h  t h e  sur rounding  atmosphere. For  f u r t h e r  enrichment t h e  rank has  
t o  be changed by a l s o  removing ( p o l a r )  oxygen by d e c a r b o x y l a t i o n  and dehydra t ion ,  
t o  maximum dry ing  a t  t h e  l e v e l  of subbi tuminous c o a l .  F u r t h e r  c o a l  rank improve- 
ment t a k e s  p l a c e  v i a  o t h e r  mechanisms (demethaniza t ion) .  

I n  upgrading we  look a t  p r o p e r t i e s  such a s  m o i s t u r e  conten t  and c a l o r i -  
f i c  va lue  r a t h e r  than  t h e  molecular  composi t ion.  The t r a n s f o r m a t i o n  can  be c a r r i e d  
o u t  with t h e  u s e  of  t h e  r e l a t i o n s  d e r i v e d  i n  s e c t i o n  2. We can d e f i n e  another  con- 
v e r s i o n  f a c t o r  f ‘ :  
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We can e x p r e s s  t h e  " e n r i c h a b i l i t y "  o r  t h e  p r e d i c t i o n  of product  proper- 
t i e s  i n  terms of t h e  OCR: 

OCF$roduct = (1-f')(OCRfeed-0.06) + 0.06 17) 

This  can be s u b s t i t u t e d  i n  t h e  r e l a t i o n s  of s e c t i o n  2 and then  we can c a l c u l a t e  
product  p r o p e r t i e s  on t h e  b a s i s  of  t h e  feeds tock  a n a l y s i s  and t h e  e x t e n t  of con- 
v e r s i o n ,  which i s  measured by t h e  amount of  CO2 evolved,  a s  d e s c r i b e d  i n  sec- 
t i o n  4 .  For i n s t a n c e  by s u b s t i t u t i o n  of equat ion  1 7  i n  e q u a t i o n  5 t h e  c a l o r i f i c  
v a l u e  becomes 

30 - 5 [(l-f ')(OCRfeed - 0.06) + 0.061 
18) 

0 .75 + (l-f ')(OCRfeed - 0.06) + 0.06 CVproductDAF 

wi th  OCRfeed = 0.31 (bed m o i s t u r e  c ~ n t e n t ) ~ . ~ ~ .  T h i s  can be f u r t h e r  s u b s t i t u t e d  i n  

18a) 

(mois ture  conten t  i n  kg HgO/kg DAF, c a l o r i f i c  va lue  HHV i n  MJ/kg), 

For p r a c t i c a l  r e a s o n s ,  i n  t h e  f u r t h e r  use  of t h e  r e l a t i o n  t o  q u a n t i f y  
t h e  e x t e n t  of enr ichment  of a m a t e r i a l ,  we in t roduce  an e x t r a  v a r i a b l e ,  t h e  gross  
weight  : 

1000 
GW = - kg/GJ cv 19) 

F i n a l l y ,  we  d e f i n e  t h e  enrichment  o f  t h e  LRM t o  a f u e l  a s  t h e  f a c t o r  E :  t h e  weight 
r e d u c t i o n  p e r  u n i t  energy:  

20)  GWfeed - GWproduct  * E =  
GWf eed 

+ MCprod. m f e e d  * 
+ MCfeed - 1  CVprod. 

% or 

which can by s u b s t i t u t i o n  of t h e  p r e v i o u s  be  t ransformed t o :  

21) 

where MC i s  t h e  feed  mois ture  c o n t e n t  and f '  t h e  convers ion ,  expressed  i n  OCR. 
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Figure 7 shows t h e  l i n e s  obta ined  when formula 21 i s  c a l c u l a t e d  a s  a 
f u n c t i o n  Of feed mois ture  conten t  and degree  of  convers ion .  It shows what improve- 
ment can be  expected a f t e r  hydrothermal  c o a l i f i c a t i o n  t r e a t m e n t s  a t  v a r i o u s  condi- 
t i o n s .  we a l s o  p l o t t e d  p o i n t s  measured i n  our  exper iments  under  mild and s e v e r e  
c o n d i t i o n s .  We v a r i e d  t h e  feeds tock  q u a l i t y  from biomass was te  t o  subbi tuminous 
c o a l .  It is c l e a r  t h a t  t h e  r e l a t i v e  e f f e c t  of t h e  t r e a t m e n t  i f  l a r g e r  f o r  younger 
feed  m a t e r i a l s .  

The c i r c l e s  i n  t h e  f i g u r e  connected wi th  a dashed l i n e  show t h e  range of 
r e s u l t s  ob ta ined  wi th  t h e  60 % mois ture  brown c o a l  under t h e  v a r i e t y  of  c o n d i t i o n s  
used i n  s e c t i o n  4 .  
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